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FIG.
100

EPRESENT EACH SHAPE WITH
V-TRAPEZOIDS HAVING X-COORDINATES
OF LEFT/RIGHT BASES AND SIDES
DEFINED BY FIXED NUMBER OF I-LINES,
WITH INTERSECTION POINTS BETWEEN
[-LINES THAT DEFINE THE SIDES

IVIDE V-TRAPEZOIDS INTO
SMALLER DISJOINT V-TRAPEZOIDS

ASSIGN ORDER TO X-COORDINATES
OF BASES/POINTS OF INTERSECTION
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504 THE CONNECTIVITY
L OF THE DESIGN IS
BROKEN

THE RESULT OF ROUNDING
DEOVERLAP().

THE ORIGINAL POINT SET

THE CORRECT (EXACT GEOMETRY
RESULT OF DEQVERLAP().
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THE ORIGINAL POINT SETS \B UNION (A\C) COMPUTED WITH ROUNDING

EXACT GEOMETRY
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EXACT GEOMETRY OPERATIONS ON
SHAPES USING FIXED-SIZE INTEGER
COORDINATES

FIELD OF THE INVENTION

The present invention relates to computer-aided design
(CAD), and more particularly, to techniques for improving
eificiency and accuracy of CAD 1n applications such as very-
large-scale integration (VLSI).

BACKGROUND OF THE INVENTION

Computer-aided design (CAD) 1s commonly used by chip
designers to plan circuit layouts. Through the use of CAD-
generated circuit diagrams, chip designers can easily mock-
up multiple circuit layouts, anticipate potential problems in a
particular layout and determine space-saving configurations.

To be a useful tool 1 chip design, however, the CAD-
generated circuit must be as precise as possible. Specifically,
circuit layouts typically involve multiple shapes, many of
which intersect with and/or overlap one another. The 1nterac-
tion of the shapes 1s very important. Any misrepresentation of
an itersection or overlap of one shape with another can result
in an erroneous point of connectivity 1n the design, thus
producing a faulty circuat.

Several different CAD circuit design systems currently
exist. Some of these systems employ a “smart-rounding”
technique based on an imteger grid. With smart-rounding,
whenever a non-integer coordinate 1s encountered 1n a design
rounding 1s performed to the next-closest integer coordinate
(so as to preserve the connectivity). Smart-rounding, how-
ever, requires a lot of extra runtime and extra work on the part
of the system operator. Further, whenever rounding 1is
involved, there 1s no guarantee that connectivity can be pre-
served 1n all cases. Others use infinite precision rational coor-
dinates, thus avoiding errors associated with rounding. The
use of infinite precision rational coordinates, however, makes
memory usage grow very rapidly and results 1n a runtime that
1s unacceptably slow.

With very-large-scale mtegration (VLSI), wherein poten-
tially thousands of circuits are integrated on a single chip, the
complexity of the design increases exponentially, as does the
margin for error. Further, many VLSI applications, in particu-
lar lithography and process simulations, mtroduce designs
that include arbitrary angles. Some conventional CAD sys-
tems can accommodate angles 1n a design, as long as the
angles are multiples of 45 degrees. Thus, most arbitrary
angles would not quality. As such, complex VLSI designs are
beyond the capabilities of conventional CAD tools.

Therelore, a more accurate and efficient design system that
can accommodate complex circuits, such as VLSI, would be
desirable.

SUMMARY OF THE INVENTION

The present invention provides techniques for improving,
elficiency and accuracy of computer-aided design (CAD) 1n
applications such as very-large-scale integration (VLSI). In
one aspect of the mnvention, a method for generating a com-
puter-based representation of a design having one or more
shapes 1s provided. The method comprises the following
steps. Each of the shapes 1n the design 1s represented with one
or more trapezoids, wherein a {ixed number of non-vertical
lines are used to define an x-coordinate of a left base, an
x-coordinate of a right base and sides of each trapezoid with
intersection points being formed between the non-vertical
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lines that define the sides of the trapezoids. The x-coordinates
of the bases and the intersection points of the non-vertical
lines are used to divide one or more of the trapezoids into a
plurality of disjoint trapezoids, wherein each disjoint trap-
ezoid 1s defined by a combination of the same non-vertical
lines that are used to define one or more of the trapezoids. An
order 1s assigned to the x-coordinates of the bases and the
intersection points of the non-vertical lines, wherein the x-co-
ordinates of the bases and the intersection points of the non-
vertical lines 1n the assigned order are representative of the
design.

A more complete understanding of the present invention,
as well as further features and advantages of the present
invention, will be obtained by reference to the following
detailed description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram illustrating an exemplary methodology
for generating a computer-based representation of a design
according to an embodiment of the present invention;

FIG. 2 1s a diagram 1llustrating an exemplary vertical trap-
ezoid (V-trapezoid) on an integer grid according to an
embodiment of the present invention;

FIG. 3 1s a diagram 1llustrating an exemplary design that 1s
represented by two V-trapezoids according to an embodiment
of the present invention;

FIG. 4 1s a diagram 1llustrating the V-trapezoids of FIG. 3
being divided into a plurality of smaller disjoint V-trapezoids
according to an embodiment of the present invention;

FIG. 5 1s a diagram 1llustrating an ordering of non-vertical
integer lines (I-lines) according to an embodiment of the
present invention;

FIG. 6 1s a diagram 1illustrating a comparison of exact
geometry versus rounding according to an embodiment of the
present invention;

FIG. 7 1s a diagram 1illustrating another comparison of
exact geometry versus rounding according to an embodiment
ol the present invention;

FIG. 8 1s a diagram 1llustrating yet another comparison of
exact geometry versus rounding according to an embodiment
of the present invention;

FIGS. 9A-G are diagrams illustrating an exemplary meth-
odology for representing a shape as V-trapezoids according to
an embodiment of the present invention; and

FIG. 10 15 a diagram 1llustrating an exemplary system for
generating a computer-based representation of a design
according to an embodiment of the present invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

FIG. 1 1s a diagram illustrating exemplary methodology
100 for generating a computer-based representation of a
design. In general, the design 1s made up of a shape, or a
combination of shapes. By way of example only, the union of
multiple shapes, such as polygons, can form a design. In one
specific application of the present techniques, methodology
100 1s used as a computer-aided design (CAD) tool for cre-
ating very-large-scale integration (VLSI) designs having
arbitrary angle shapes, wherein one or more of the shapes
represent integrated circuit components.

Advantageously, the present techniques permit any amount
of sequential basic geometry operations, such as intersection,
union, difference and deoverlap, to be performed with exact
geometric precision (1.e., resulting in mathematically exact
depictions of designs with no rounding errors) even when
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arbitrary angle shapes are part of the design. As highlighted
above, this precision 1s important in circuit design to ensure
proper electrical connectivity and undistorted boundaries.
Therefore, by way of example only, the present techniques
can be used to generate a VLSI design with exact geometric
precision. The design can be stored and regenerated with the
same exact geometric precision. By comparison, with con-
ventional techniques rounding 1s often used for arbitrary
angle shapes which can lead to errors 1n the design, such as
clectrical shorts and/or connectivity breakage. Several
examples of exact geometry versus rounding are provided 1n
FIGS. 6-8 (described below). Further, as will be described
below, with the present techniques an amount of time and
memory per one basic geometry operation are constant. As
highlighted above, using infinite precision rational coordi-
nates 1s not an acceptable solution for most practical applica-
tions, especially those mvolving VLSI.

In step 102, each shape 1n the design 1s represented with
one or more vertical trapezoids (V-trapezoids). The term
“V-trapezoid™ refers to a trapezoid that 1s defined by a fixed
number of non-vertical integer lines (I-lines). See, for
example, FIG. 2 (described below). As will be described 1n
detail below, the I-lines are used to define an x-coordinate of
a lett base, an x-coordinate of a right base and sides of each
V-trapezoid. The I-lines that define the sides of the V-trap-
ezoids will intersect with one another. These intersection
points, along with the x-coordinates of the bases of the V-trap-
ezoids will be used to divide the V-trapezoids into smaller
disjoint V-trapezoids. See step 104 (described below). The
V-trapezoids can have either integer or non-integer vertices.

Each shape 1n the design can be represented as a point set
with vertices on an integer grid (i.e., the design 1s a combi-
nation ol point sets). It 1s assumed that all of the point sets
(shapes) of the design belong to a common universal bound-
ing box:

[-CoordMax,CoordMax |x[-CoordMax,CoordMax].

By way of example only, the universal bounding box can be a
| —one billion integer points, one billion integer points] x| —one
billion integer points, one billion integer points| rectangle.
The universal bounding box gives a bound on the integers
used, e.g., 32-bit, 64-bit, etc. Most designs fit into a 64-bit
bounding box, 1.e., a rectangle having sides longer than
1x10'®. According to the present teachings, the design has
integer point vertices.

In step 104, using the x-coordinates of the bases of the
V-trapezoids and the intersection points of the I-lines, 1.¢.,
that define the sides of the V-trapezoids, the V-trapezoids are
divided into smaller disjoint, 1.e., non-intersecting, V-trap-
czoids. Namely, as will be described 1n detail below, vertical
cuts will be made through the x-coordinates of the bases/
intersection points to divide the V-trapezoids. Thus, the same
I-lines that were used to define the V-trapezoids 1n step 102
(described above) are also used to define the disjoint V-trap-
ezoi1ds. Namely, a combination of those same I-lines from one
or more of the V-trapezoids are used to define the disjoint
V-trapezoids. Advantageously, as will be described 1n detail
below, the same fixed number, e.g., a six-tuple, of I-lines 1s
used to define all of the V-trapezoids described herein. There-
fore, all of the I-lines needed for methodology 100 are already
present 1n step 102 and, following step 102, no new I-lines are
created. Like the V-trapezoids 1n step 102 (described above),
cach of the disjoint V-trapezoids will have a left base, a right
base and sides. The disjoint V-trapezoids can have non-inte-
ger point vertices.

In step 106, an order 1s assigned to the x-coordinates of the
bases and the points of intersection (step 102, described
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above), wherein the x-coordinates of the bases and points of
intersection in the assigned order are representative of the
design. Further, the vertical cuts through the x-coordinates of
the bases/points of intersection can be used to form a number
of vertical columns that partition the design (e.g., each dis-
joint V-trapezoid being present in exactly one of the col-
umns). A tag can be assigned to each column to indicate, for
example, to which V-trapezoid(s) (step 102, described above)
cach disjoint V-trapezoid 1n that column belongs.

FIG. 2 15 a diagram 1llustrating V-trapezoid 202 on integer
orid 204. V-trapezoid 202 i1s representative of either the
V-trapezoids described in conjunction with the description of
step 102 of FIG. 1, above, or the disjoint V-trapezoids
described 1n conjunction with the description of step 104 of
FIG. 1, above. As highlighted above, an integer grid repre-
sents at least a portion of some universal bounding box.
Theretfore, each black dot 206 1n integer grid 204 represents a
different integer point within a grven universal bounding box.
Each integer point 1s 1dentifiable in the universal bounding
box by two integer coordinates from the segment [-Coord-
Max, CoordMax].

Any non-vertical line passing through two different integer
points inside of the universal bounding box 1s an I-line. In
general, a V-trapezoid ({or example, V-trapezoid 202) 1s any
trapezoid that has 1) an x-coordinate of its left base equal to an
x-coordinate of a point of intersection of a pair of I-lines, for
example, I-lines labeled “Ibasel” and “lbase2,” 2) an xX-coor-
dinate of 1ts right base equal to an x-coordinate of a point of
intersection of another pair of I-lines, for example, I-lines
labeled “rbasel” and “rbase2” and 3) bottom and top sides
that are segments of yet another pair of I-lines, for example,
I-lines labeled “bottom™ and “top,” respectively. As high-
lighted above, the vertices of the V-trapezoids are not neces-
sarily integer vertices.

According to the present teachings, any one of the V-trap-
ezo1ds described herein 1s completely defined by a six-tuple
of I-lines, e.g.,

{(Ibasel,lbase2),(rbasel rbase2),bottom,top }.

Since any non-vertical line passing through two different
integer points 1s an I-line, and each integer point 1s identifiable
in the universal bounding box by two integer coordinates,
then each I-line can be defined by four integer coordinates.
Therefore, 24 integer coordinates (based on a six-tuple of
I-lines) from the segment [-CoordMax,CoordMax] (a range
of numbers, for example, all numbers less than or equal to (=)
100 but greater than or equal to (=)-100) can be used to store
a V-trapezoid. Thus, the amount of bits for storage of each
integer coordinate 1s less than log(CoordMax*2). With the
present techniques, a fixed number of I-lines and thus a fixed
number ol integer coordinates are used to represent any
V-trapezoid.

Any shape from a design, such as a polygon, with integer
point vertices can be represented as a V-trapezoid(s). See, for
example, step 102 of FIG. 1 (described above). By way of
example only, 11 vertical cuts are made through each vertex of
the shape, wherein each cut starts from outside of the shape
and passes through one of the vertices until the cut remains
inside of the shape, then the shape 1s broken down 1nto y-par-
allel trapezoids (1.e., trapezoids with bases parallel to a
y-axis), with bottom and top sides of each y-parallel trapezoid
being non-vertical segments of the boundary of the original
polygon, and thus segments of I-lines. The steps carried out to
break down an exemplary shape into y-parallel trapezoids 1s
shown 1llustrated 1 FIGS. 9A-G (described below). The
x-coordinates of bases of the y-parallel trapezoids are x-co-
ordinates of the vertices of the shape. Each vertex of the shape
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1s an integer point and as such can be represented as the
intersection of I-lines going through that vertex at +435 degree
(°) and —45° angles. Thus, the y-parallel trapezoids with
integer vertices are V-trapezoids. As described above, no
more than 24 integer coordinates are needed to store a V-trap-
¢zoid 1n memory.

To explain the present techniques, the following non-lim-
iting example 1s provided wherein a design 1s represented by
exactly two V-trapezoids, e.g.,

Basic(V-trapezoid A, V-trapezoid B).

See, for example, FIG. 3. FIG. 3 1s a diagram illustrating
exemplary design 300 that 1s represented by two V-trapezoids
labeled “A” and “B.” As shown in FIG. 3, each of V-trapezoids
A and B 1s completely defined by a six-tuple of I-lines. FIG.
3 1llustrates the result of performing step 102 of FIG. 1 (de-
scribed above) for this particular example.

More specifically, V-trapezoid A and V-trapezoid B can be
defined by a six-tuple of I-lines each, e.g.,

V-trapezoid A={(all,al2),(arl,ar2),ab,at},

V-trapezoid B={(bi1,bi2),(br1,b#2),bb,bt},

wherein for V-trapezoid A an x-coordinate of a point of inter-
section of I-lines all and al2 defines an x-coordinate of a left
base of V-trapezoid A, an x-coordinate of a point of intersec-
tion of a pair of I-lines arl and ar2 defines an x-coordinate of
a right base of V-trapezoid A, a segment of I-line ab defines a
bottom side of V-trapezoid A and a segment of I-line at defines
a top side of V-trapezoid A; and wherein for V-trapezoid B an
x-coordinate of a point of intersection of I-lines bll and bl2
defines a left base of V-trapezoid B, an x-coordinate of a point
of intersection of I-lines brl and br2 defines a right base of
V-trapezoid B, a segment of I-line bb defines a bottom side of
V-trapezoid B and a segment of I-line bt defines a top side of
V-trapezoid B. As such, V-trapezoids A and B are represented
by a total of 12 I-lines (six I-lines each). Therefore, as
described above, V-trapezoids A and B can each be repre-
sented by the same number, 1.e., a fixed number of integer
coordinates. Namely, 24 integer coordinates (1.€., four integer
coordinates per I-line) can be used to represent each of V-trap-
ezoids A and B.

V-trapezoids A and B are then divided into smaller disjoint
V-trapezoids. See, for example, FIG. 4. FIG. 4 1s a diagram
illustrating V-trapezoids A and B being divided into a plural-
ity of smaller disjoint V-trapezoids, 1.e., disjoint V-trapezoids
404a-i. F1G. 4 1llustrates the result of performing step 104 of
FIG. 1 (described above) for this particular example. Further,
FIG. 4 in combination with FIG. 5 (described below) 1llus-
trate the result of performing step 106 of FIG. 1 (described
above) for this particular example. According to the present
teachings, all of disjoint V-trapezoids 404a-i will be defined
by some si1x-tuples of I-lines which are subsets of the above 12
I-lines (FIG. 3, described above). Namely, no new I-lines are
ever created during the basic geometry operations. As such,
cach of disjoint V-trapezoids 404a-i 1s defined by a combina-
tion of the I-lines used to define V-trapezoids A and B (see
FIG. 3). By way of example only, disjoint V-trapezoid 4044 1s
defined by a combined six-tuple of I-lines from V-trapezoid A
and V-trapezoid B, 1.¢.,

{(at,bb),(at,bt),ab,bt},

wherein (at, bb) defines the x-coordinate of the left base, (at,
bt) defines the x-coordinate of the right base and ab and bt
define the sides of disjoint V-trapezoid 4044.

According to the present techniques, all operations with
numeric coordinates are wrapped 1nto just two Boolean func-
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tions on I-lines. With the exception of these two functions the
present technmiques use only combinatorial operations.

The first Boolean function 1s “bool point A 1s not to the left
of point B (I-line al, I-line a2, I-line b1, I-line b2),” which
returns “true” 1f and only 1f I-lines al (1.e., all and arl) and a2
(1.e.,al2 and ar2) intersect at some point A, I-lines b1 (1.e., bll
and brl) and b2 (1.e., bl2 and br2) intersect at some point B
and (X coordinate of A)=(x coordinate of B). Or, 1in terms of
the coordinates, the first Boolean function returns “true,” if
and only 1f:

detA=0 and detb=0 and det A4 -detB=det B deitA,
where

detd=(al —al ) (a2 >-al;)-(al ,-a2. ;)
(ale_alxl):

detB=(b1,,~b2,)(b2 b1 o)~ (b1,,=b2,)
(ble_blxl):

dEIxA:(Hlylﬂle_a 1Ila2yl)(ﬂ2x2_ﬂ1x2)_
(ﬂ 1y2a2x2_a1x2a2y2)(a2xl_ﬂ1xl):

dEIxB:(blylble_b 1Ilbzyl)(b2x2_blx2)_
(b 1y2b2x2_b1x2b2y2)(ble_blxl)'

The first Boolean function requires only addition and multi-
plication of integer numbers. |detAl| and |detB| are bounded
by 8(CoordMax)?, Idet_Al and |det Bl are bounded by 8(Co-
ordMax)> and the maximum absolute value of the integers
involved is =64(CoordMax)’. Thus, the function uses only a
constant amount of time and memory.

The second Boolean function 1s “bool line a 1s not below
line b at minus infinity(I-line a, I-line b),” which returns
“true” if and only 11 1 _(x)=1,(X) everywhere on some interval
(-oo,1), where telR and { _(x), {,(x) are the functions which are
defined by saying that their graphs are I-lines a, b, respec-
tively. It 1s notable that this second Boolean function defines
a correct linear order relation on I-lines. In particular, either
“line a 1s not below line b at minus 1nfinity(a, b)” or “line a 1s
not below line b at minus infinity(b, a)” and, 11 both are true,
then I-lines a and b coincide.

In terms of the coordinates, 1t 1s assumed that a_,=a_,. The
function returns “true,” 1f and only 1i:

(der>0) or (det=0 and (@,,—a,1)b, 1 +a,,10,>—
ayEHxlEbyl(QIE_ﬂxl)): where

dﬁ?!‘:(aﬂ—aﬂ) (byE_ 11 )_ (ayz_ayl) (bIE_ x l) .

The function requires only addition and multiplication of
integer numbers. The maximum absolute value of the integers
involved is =8(CoordMax)*. The function uses only a con-
stant amount of time and memory.

Consider the following =10 points, four of which define
the x-coordinates of the bases of V-trapezoids A and B, see,
for example, FIG. 3 (described above):

(all,a12),(arl,ar2),(b11,b12),(brl,br2), (1)

and =s1x of which define pairwise intersections of the sides of
V-trapezoids A and B:

(at,ab),(at,bb),(at,bt),(ab,bb),(ab,bt),(bb,bt). (2)

For any two sides which are parallel or coincide, the point 1s
skipped. See, for example, FIG. 3 (described above), wherein
sides at and ab are parallel. Thus, in that instance, point (at,
ab) can be skipped.

By using function “point A 1s not to the left of point
B( . . . )” the above points are ordered leit to right. The
ordering of the x-coordinates of the bases and points of inter-
section was described 1n conjunction with the description of
step 106 of FIG. 1, above. Vertical lines drawn through the
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points partition the plane into =11 vertical, sequentially num-
bered columns. See, for example, F1G. 4 wherein the columns
are numbered “1” through “10.” In the interior of each col-
umn, the I-lines ab, at, bb and bt either do not intersect or
comncide. Therefore, 1t 1s possible to order the I-lines verti-
cally. All of the columns except for Column 1, Column 2 and
Column 10 are split by ab, at, bb and bt mto =27 disjoint
V-trapezoids, 1.e., disjoint V-trapezoids 404a-i (and several
unbounded pieces). Therelore, each of disjoint V-trapezoids
404a-i 1s contained in exactly one of the columns. Further, as
shown in FIG. 4, any given column can contain more than one
disjoint V-trapezoid. The x-coordinates of the bases of these
disjoint V-trapezoids are defined by pairs of I-lines from sets
(1) and (2) and the sides of these disjoint V-trapezoids are
segments of ab, at, bb or bt.

Next, using function “line a 1s not below line b at minus
ifinity( . .. ),” I-lines ab, at, bb and bt are ordered in Column
1 bottom to top. This ordered set of four I-lines 1s called S, .
The same ordering 1s performed systematically through each
column from left to right, 1.¢., through column 2 then through
column 3, etc. See, for example, FIG. 5. FIG. 5 1s a diagram
illustrating an ordering of I-lines. Every time a point from set
(2)1s passed the corresponding transposition of two elements
of S, 1s made to form S,_; 1n the 1+1-th column (some extra
care 1s needed for degenerate cases wherein two or more
points define the same vertical cut). A degenerate case 1s when
three or more segments intersect at one point. In such a case,
a small amount “epsilon” 1s added to the coordinates which
makes the computation the same way as if there were no
degeneracy, then set “epsilon” equal to zero.

According to the present techniques, a determination 1s
also made as to whether a given disjoint V-trapezoid 1is
between the bases of A (call this statement “Horizontally in
A’ or “HorizInA,” 1.¢., that 1s between the left and right bases
of V-trapezoid A) and/or 1s between the bases of B (call this
statement “Horizontally in B” or “HorizInB,” 1.e., that 1s
between the left and right bases of V-trapezoid B). Thus, for
example, for the leftmost column (labeled column “17)
HorizInA =HorizInB_=false, meaning that the V-trapezoids,
i any, that appear 1n column 1 do not belong to either V-trap-
ezoid A or V-trapezoid B. These flags (1.e., “true” or “false”)
controllably change every time a point from the set (1) 1s
passed. For example, HorzlnA =true, HorizInB =false
means that a given V-trapezoid belongs to V-trapezoid A, but
not V-trapezoid B.

Tags (not shown) can then be assigned to each of the
disjoint V-trapezoids. In the instant example, one of three tags
may be used: tag “A” 11 a disjoint V-trapezoid belongs to
V-trapezoid A only, tag “B” if a disjoint V-trapezoid belongs
to V-trapezoid B only and tag “AB” 1f a disjoint V-trapezoid
belongs to both V-trapezoid A and V-trapezoid B. See, for
example, FIG. 3 (described above).

For example, with reference to FIG. 4 (described above),
disjoint V-trapezoids 404a, 4046 and 40472 would each
receive the tag “A.” disjoint V-trapezoids 404¢, 404g and 404
would each receive the tag “B” and disjoint V-trapezoids
404d, 404¢ and 404/ would each receive the tag “AB.” In this
manner, the methodology finds AUB, AMNB, A\B and B\A
simultaneously. It can be checked by looking at all possible
configurations of V-trapezoids A and B that the number of the
disjoint V-trapezoids cannot exceed 15.

As described above, the present techniques provide math-
ematically exact point sets with no rounding errors. This 1s a
notable advantage over conventional CAD techniques which
permit rounding errors. Namely, rounding errors create a
whole spectrum of problems for operations on VLSI designs.
The accumulation of errors 1s the most harmless of rounding
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errors and can be overcome by using floating point numbers
with high enough precision. The following three problems,
1.€., breakage of electrical connectivity of the design, bound-
ary distortion and breakage of main equalities, however, are
much more severe and make it practically impossible to cre-
ate an effective rounding-based CAD tool for VLSI circuits
with arbitrary angle shapes.

With regard to breakage of the electrical connectivity of the
design, electrical connectivity 1s one of the most important
characteristics of the design. Rounding errors can easily cre-
ate electrical shorts, as well as connectivity breakage. See, for
example, FIG. 6. FI1G. 6 1s a diagram 1llustrating a comparison
of the exact geometry of the present techniques versus con-
ventional rounding. Namely, 1n FIG. 6, a design as shown on
integer grid 602 1s generated using both rounding (as shown
on integer grid 604) and the present exact geometry (as shown
oninteger grid 606). Electrical connectivity 1s broken with the
rounding approach.

Another, more severe, electrical connectivity problem 1s
shown 1 FIG. 7. FIG. 7 1s a diagram 1llustrating another
comparison ol the present techniques versus conventional
rounding. Namely, in FIG. 7, a design as shown on integer
orid 702 1s generated using both conventional rounding (as
shown on integer grid 704) and the present exact geometry (as
shown on integer grid 706). With rounding, an electrical short
1s guaranteed unless adjustments are made to all shapes of the
design.

All the types of connectivity distortion due to rounding do
not admit any reasonable classification. If different types of
connectivity distortion occur in combination, they cannot be
corrected simultaneously unless an amount of time propor-
tional to the size of the whole point set 1s spent per each short
or breakage.

With regard to boundary distortion, rounding errors can
readily misconstrue boundaries within the design. See, for
example, FIG. 8. FIG. 8 1s a diagram 1llustrating yet another
comparison ol the present techniques versus conventional
rounding. Namely, in FIG. 8, a design as shown on integer
orid 802 1s generated using both conventional rounding (as
shown on 1integer grid 804 ) and the present exact geometry (as
shown on integer grid 806). The correct length of the
boundary of the set BU(A\C) 1s 20.1805 . . . . However, the
computation with rounding to the mteger grld would vield
30.1818 . ...

With regard to breakage of the main equalities, just as
“a+b—a=b” does not hold for floating point numbers, basic
statements such as

A=(A\BWI(ANDB);
(A\B) and B are disjoint;

AMBCA; etc.

do not hold for point sets 1n the presence of rounding errors.
For example, testing 11 two point sets A and B are equal 1s
trivial 1f the computations are exact:

A=B if and only if A\B=0 and B'\A=0.

However, 1t becomes a very “unpleasant” operation if round-
ing errors can occur. Namely, some threshold € for the area
has to be set, and then checked to see 11 areca(A\B)<e and
arca(B\A)<e, where A\B and B\A are unions of possibly
overlapping polygons.

FIGS. 9A-G are diagrams illustrating an exemplary meth-
odology for representing a shape as a plurality of V-trap-
ezo1ds. As described above, this process involves breaking the
shape down into y-parallel trapezoids. As shown in FIG. 9A,
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shape 902 1s provided. Shape 902 1s a polygon with integer
and/or non-integer point vertices. As shown in FIG. 9B, the
vertices of shape 902 are ordered from left to right and top to
bottom. For example, shape 902 has 12 vertices. Working
from left to rnight, vertex 1 1s first encountered followed by
vertex 2. The next two vertices are then ordered from top to
bottom as vertex 3 and vertex 4, respectively. The remaining,
vertices are ordered 1n the same manner.

As shown 1 FIGS. 9C-G, vertical cuts are made through
the vertices 1n the order assigned in FIG. 9B (described
above). Namely, a top-down cut 1s made through each vertex,
until the cut remains iside of the shape. For example, when
a top-down cut 1s made through vertex 1 it does not pass nto
the shape, and therefore 1s not shown. As shown 1n FIG. 9C,
a top-down cut 904 1s made through vertex 2. A top-down cut
through vertices 3 and 4 coincide with an outline of the shape.

As shown 1n FI1G. 9D, a top-down cut 906 1s made through
vertices 5, 6 and 7. As shown 1n FIG. 9E, a top-down cut 908
1s made through vertex 8. A top-down cut through vertex 9
coincides with an outline of the shape. As shown 1n FIG. 9F,
a top-down cut 910 1s made through vertices 10 and 11. As
with vertex 1, a top-down cut through vertex 12 does not pass
into the shape, and therefore 1s not shown. As shown 1n FIG.
9@, shape 902 1s now broken down into six y-parallel trap-
ezoids, 1.e., y-parallel trapezoids 912a-f.

Turning now to FIG. 10, a block diagram 1s shown of an
apparatus 1000 for generating a computer-based representa-
tion of a design having one or more shapes, 1in accordance
with one embodiment of the present invention. It should be
understood that apparatus 1000 represents one embodiment
for implementing methodology 100 of FIG. 1.

Apparatus 1000 comprises a computer system 1010 and
removable media 1050. Computer system 1010 comprises a
processor 1020, a network interface 1025, a memory 1030, a
media interface 1035 and an optional display 1040. Network
interface 1023 allows computer system 1010 to connect to a
network, while media interface 1035 allows computer system
1010 to interact with media, such as a hard drive or removable
media 10350.

As 1s known 1n the art, the methods and apparatus discussed
herein may be distributed as an article of manufacture that
itself comprises a machine-readable medium containing one
or more programs which when executed implement embodi-
ments of the present invention. For instance, the machine-
readable medium may contain a program configured to rep-
resent each of the shapes in the design with one or more
trapezoids, wherein a fixed number of non-vertical lines are
used to define an x-coordinate of a left base, an x-coordinate
ol a right base and sides of each trapezoid with intersection
points being formed between the non-vertical lines that define
the sides of the trapezoids; use the x-coordinates of the bases
and the intersection points of the non-vertical lines to divide
one or more of the trapezoids into a plurality of disjoint
trapezoids, wherein each disjoint trapezoid 1s defined by a
combination of the same non-vertical lines that are used to
define one or more of the trapezoids; and assign an order to
the x-coordinates of the bases and the intersection points of
the non-vertical lines, wherein the x-coordinates of the bases
and the intersection points of the non-vertical lines 1n the
assigned order are representative of the design.

The machine-readable medium may be a recordable
medium (e.g., floppy disks, hard drive, optical disks such as
removable media 1050, or memory cards) or may be a trans-
mission medium (e.g., a network comprising fiber-optics, the
world-wide web, cables, or a wireless channel using time-
division multiple access, code-division multiple access, or
other radio-frequency channel). Any medium known or
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developed that can store information suitable for use with a
computer system may be used.

Processor 1020 can be configured to implement the meth-
ods, steps, and functions disclosed herein. The memory 1030
could be distributed or local and the processor 1020 could be
distributed or singular. The memory 1030 could be 1mple-
mented as an electrical, magnetic or optical memory, or any
combination of these or other types of storage devices. More-
over, the term “memory” should be construed broadly enough
to encompass any information able to be read from, or written
to, an address 1n the addressable space accessed by processor
1020. With this definition, information on a network, acces-
sible through network interface 10285, 1s still within memory
1030 because the processor 1020 can retrieve the information
from the network. It should be noted that each distributed
processor that makes up processor 1020 generally contains its
own addressable memory space. It should also be noted that
some or all of computer system 1010 can be incorporated into
an application-specific or general-use mtegrated circuit.

Optional video display 1040 1s any type of video display
suitable for interacting with a human user of apparatus 1000.
Generally, video display 1040 1s a computer monitor or other
similar video display.

Although illustrative embodiments of the present invention
have been described herein, 1t 1s to be understood that the
invention 1s not limited to those precise embodiments, and
that various other changes and modifications may be made by
one skilled 1n the art without departing from the scope of the
invention.

What 1s claimed 1s:
1. A method for generating a computer-based representa-
tion of a design having one or more shapes, the method
comprising the steps of:
representing each of the shapes 1n the design with one or
more trapezoids, wherein a fixed number of non-vertical
lines are used to define an x-coordinate of a left base, an
x-coordinate of a right base and sides of each trapezoid
with mtersection points being formed between the non-
vertical lines that define the sides of the trapezoids;

using the x-coordinates of the bases and the intersection
points of the non-vertical lines to divide one or more of
the trapezoids into a plurality of disjoint trapezoids,
wherein each disjoint trapezoid 1s defined by a combi-
nation of the same non-vertical lines that are used to
define one or more of the trapezoids; and

assigning an order to the x-coordinates of the bases and the

intersection points of the non-vertical lines, wherein the
x-coordinates of the bases and the intersection points of
the non-vertical lines 1n the assigned order are represen-
tative of the design, wherein one or more of the steps are
performed using a processor.

2. The method of claim 1, wherein the representing step
turther comprises the step of:

representing each of the shapes 1n the design with one or

more trapezoids, wherein a six-tuple of non-vertical
lines are used to define the x-coordinate of the left base,
the x-coordinate of the right base and the sides of each
trapezoid with intersection points being formed between
the non-vertical lines that define the sides of the trap-
ezoids.

3. The method of claim 2, wherein the using step further
comprises the step of:

using the x-coordinates of the bases and the intersection

points of the non-vertical lines to divide one or more of
the trapezoids 1nto a plurality of disjoint trapezoids,
wherein each disjoint trapezoid 1s defined by a combi-
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nation of the same six-tuple of non-vertical lines that are
used to define one or more of the trapezoids.

4. The method of claim 1, wherein the representing step
turther comprises the step of:

representing each of the shapes in the design with one or

more trapezoids, wherein for each trapezoid the x-coor-
dinate of the left base 1s equal to an x-coordinate of a
point of intersection of a first pair of the non-vertical
lines, the x-coordinate of the right base 1s equal to an
x-coordinate of a point ol intersection of a second pair of
the non-vertical lines and the sides comprise segments of
a third pair of the non-vertical lines.

5. The method of claim 1, wherein the design belongs to a
universal bounding box [-CoordMax, CoordMax | x[-Coord-
Max, CoordMax] having a plurality of integer points, and
wherein the representing step further comprises the step of:

representing each of the shapes 1 the design with one or

more trapezoids, wherein a fixed number of the non-

vertical lines are used to define the x-coordinate of the
left base, the x-coordinate of the right base and the sides
of each trapezoid, and wherein each of the non-vertical
lines passes through at least two of the mteger points.

6. The method of claim 1, wherein the design belongs to a
universal bounding box [-CoordMax, CoordMax | x| -Coord-
Max, CoordMax] having a plurality of integer points, each
integer point being 1dentifiable 1n the universal bounding box
by two integer coordinates, and wherein the representing step
turther comprises the step of:

representing each of the shapes in the design with one or

more trapezoids, wherein a six-tuple of non-vertical
lines are used to define the x-coordinate of the left base,
the x-coordinate of the right base and the sides of each
trapezoid, and wherein each vertical line passes through
at least two of the integer points; and

using 24 integer coordinates to represent each of the trap-

ezo1ds.

7. The method of claim 1, wherein the design belongs to a
universal bounding box [-CoordMax, CoordMax | x| -Coord-
Max, CoordMax] having a plurality of integer points, and
wherein the using step further comprises the step of:

using the x-coordinates of the bases and the intersection

points of the non-vertical lines to divide one or more of
the trapezoids into the plurality of disjoint trapezoids,
wherein each disjoint trapezoid 1s defined by a combi-
nation of the same non-vertical lines that are used to
define one or more of the trapezoids, and wherein at least
one of the disjoint trapezoids comprises non-integer
point vertices.

8. The method of claim 1, wherein the design belongs to a
universal bounding box [-CoordMax, CoordMax | x| -Coord-
Max, CoordMax] having a plurality of integer points, and
wherein the method further comprises the step of:

partitioming the universal bounding box 1nto a plurality of

sequentially numbered columns, wherein any given one
of the disjoint trapezoids 1s contained i exactly one of
the columns.

9. The method of claim 8, further comprising the step of:

assigning tags to one or more of the columns, wherein each

tag indicates to which of the one or more trapezoids each
disjoint trapezoid in that column belongs.

10. The method of claim 8, further comprising the step of:

assigning an order to each of the non-vertical lines within

a given one of the columns.

11. The method of claim 1, wherein each of the shapes 1n
the design has a plurality of vertices, and wherein the repre-
senting step further comprises the steps of:
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ordering to the vertices from left to right and top to bottom:;

and

making vertical cuts through the vertices 1n the assigned

order.

12. The method of claim 11, further comprising the step of:

breaking down each of the shapes into a plurality of trap-

czo1ds having bases parallel to a y-axis.

13. An apparatus for generating a computer-based repre-
sentation of a design having one or more shapes, the apparatus
comprising;

a memory; and

at least one processor, coupled to the memory, operative to:

represent each of the shapes in the design with one or
more trapezoids, wherein a {ixed number of non-ver-
tical lines are used to define an x-coordinate of a left
base, an x-coordinate of a right base and sides of each
trapezoid with intersection points being formed
between the non-vertical lines that define the sides of

the trapezoids;

use the x-coordinates of the bases and the intersection
points of the non-vertical lines to divide one or more
of the trapezoids into a plurality of disjoint trapezoids,
wherein each disjoint trapezoid 1s defined by a com-
bination of the same non-vertical lines that are used to
define one or more of the trapezoids; and

assign order to the x-coordinates of the bases and the
intersection points of the non-vertical lines, wherein
the x-coordinates of the bases and the intersection
points of the non-vertical lines 1n the assigned order
are representative of the design.

14. The apparatus of claim 13, wherein the design belongs
to a universal bounding box [-CoordMax, CoordMax]x[—
CoordMax, CoordMax] having a plurality of integer points,
and wherein the at least one processor 1s further operative to:

partition the universal bounding box into a plurality of

sequentially numbered columns, wherein any given one
of the disjoint trapezoids 1s contained 1n exactly one of
the columns.

15. The apparatus of claim 14, wherein the at least one
processor 1s further operative to:

assign tags to one or more of the columns, wherein each tag

indicates to which of the one or more trapezoids each
disjoint trapezoid 1n that column belongs.

16. The apparatus of claim 14, wherein the at least one
processor 1s further operative to:

assign an order to each of the non-vertical lines within a

given one of the columns.
17. An article of manufacture for generating a computer-
based representation of a design having one or more shapes,
comprising a non-transitory machine-readable medium con-
taining one or more programs which when executed 1imple-
ment the steps of:
representing each of the shapes 1n the design with one or
more trapezoids, wherein a fixed number of non-vertical
lines are used to define an x-coordinate of a left base, an
x-coordinate of a right base and sides of each trapezoid
with intersection points being formed between the non-
vertical lines that define the sides of the trapezoids;

using the x-coordinates of the bases and the intersection
points of the non-vertical lines to divide one or more of
the trapezoids 1nto a plurality of disjoint trapezoids,
wherein each disjoint trapezoid 1s defined by a combi-
nation of the same non-vertical lines that are used to
define one or more of the trapezoids; and

assigning an order to the x-coordinates of the bases and the

intersection points of the non-vertical lines, wherein the
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x-coordinates of the bases and the intersection points of
the non-vertical lines 1n the assigned order are represen-

tative of the design.

18. The article of manufacture of claim 17, wherein the
design belongs to a universal bounding box [-CoordMax,
CoordMax|x[-CoordMax, CoordMax] having a plurality of
integer points, and wherein the one or more programs which
when executed further implement the step of:

5

partitioning the universal bounding box into a plurality of
sequentially numbered columns, wherein any given one
of the disjoint trapezoids 1s contained i exactly one of
the columns.

14

19. The article of manufacture of claim 18, wherein the one
or more programs which when executed further implement
the step of:

assigning tags to one or more of the columns, wherein each

tag indicates to which of the one or more trapezoids each
disjoint trapezoid in that column belongs.

20. The article of manufacture of claim 18, wherein the one
or more programs which when executed further implement
the step of:

assigning an order to each of the non-vertical lines within

a given one of the columns.
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